ABSTRACT In this paper, a novel controller for an input-saturated direct current to direct current (DC-DC) buck power converter has been proposed. The control scheme guarantees global asymptotic stability, even though the input to the power converter is affected by a hard saturation nonlinearity that results from the fact that in practice the duty cycle can only take continuous values between zero and one. Specifically, asymptotic stability is ensured by using a special quadratic-type Lyapunov function and LaSalle's invariance principle. In addition, to prevent inductor current's noisy measurements, an observer is proposed together with the proposed control law. Stability is also discussed rigorously for the resulting observer-based scheme. The real-time experimental comparisons with respect to a known approach are presented. Better performance is obtained with the novel observer-based controller.
I. INTRODUCTION
Most applications that require regulation of direct current to direct current (DC-DC) use a switched power converter [1] . This is why there is an increasing demand for a market with more efficient power converters. Power converters are susceptible to present non-linear phenomena, which are usually undesirable and should be avoided as they are detrimental to the normal operation of converters and result in instability [2] . Therefore, refining the existing analysis techniques can lead to performance improvements in power converters [3] .
Duty cycle percentage is the control input of the power converter, which ideally accepts continuous values between zero and one. Commonly, the control action can be out of the physically admissible limits in that the PWM signal is produced. This is usually not considered for the design and closed-loop system analyses of the control system [4] . Saturation input is one of the most common non-linearities in physical systems and is rarely considered in the analysis and design of controllers for power converters because the complexity of the stability analysis of the closed loop system [5] The associate editor coordinating the review of this manuscript and approving it for publication was Ludovico Minati.
increases. In addition to the saturation problem, the noise in inductor current measurements and the imprecise knowledge of the supply voltage further complicate the problem of output voltage regulation.
A buck converter produces an output voltage lower than its input power voltage and finds its use in a wide range of applications, such as regulated voltage sources, battery-powered handheld devices, battery chargers for electric vehicles [6] , photovoltaic systems [7] , LED illumination [1] , drivers for DC motors and, more recently, DC microgrids [8] and renewable sources [9] , to name a few. Textbooks introducing theoretical concepts on the history and technical development of power converters are [1] , [4] , [10] , [11] .
In order to achieve output voltage control and compensate for an unknown number of perturbations in the power converter parameters (measurable or non-measurable), many control algorithms have been designed; however, only a few have considered the input restriction introduced by the PWM duty cycle percentage. First, the literature review on the control of unrestricted DC-DC power converters is presented. Lyapunov theory was used in [12] to design a controller for a DC-DC boost power converter. In [13] , a constructive control approach was employed to study the current-mode VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ control problem in a boost converter, yielding a cascade control design methodology. The work in [14] presented the control design for a buck converter driven DC motor. Using Lyapunov's direct method, an observer-based sensorless control for boost power converters was presented in [15] . In [16] , a nonlinear current-mode controller was presented for DC-DC boost power converters. In the works [17] and [18] , the terminal sliding mode control was applied with the aim of compensating for the parasite effects in the buck power converter. In [19] , a finite-time controller converter was introduced, where an adaptive integral terminal sliding mode control scheme was developed by combining fuzzy inference and an adaptive mechanism. In [20] , a constant current-mode method for boost DC-DC converters with synchronous rectifiers was presented. In [21] , a sliding mode controller was developed to deal with the chattering problem and regulate the output voltage of a boost converter. More recently, [22] presented a second-order sliding mode controller for a buck converter while [23] introduced a time-delay feedback controller to stabilize the buck converter output voltage. In the work [24] , a technique for the control of a DC-DC buck power converter with a switching technique that guarantees both good performance and global stability was introduced.
In [25] , by assuming a more complex model for the buck power converter, a controller that fully eliminates spurs from the switching noise spectrum was presented. In the work of [26] , a new direct sliding mode voltage controller based on parabolic modulation was proposed and applied to a buck converter.
A review of the literature on the control of restricted DC-DC power converters is presented below. An example where the saturation of the duty cycle is considered in the control of power converters can be found in [27] , where simulations were presented. In [28] , an H ∞ controller of a DC-DC converter with saturated input was introduced. A stability analysis of a two-cell DC-DC converter in the presence of a saturating duty cycle was introduced in [29] . In [30] , the control of a boost power converter by using only measurements of the output voltage and estimating the supply voltage was addressed. By using the theory of stability for cascade systems, the controller-observer given by [30] was revisited in [31] and [32] . In [33] , an adaptive neural network controller was presented. However, its scheme was based on the inversion of the saturation function, which can only be achieved locally. Simulations of a nonlinear controller with current limiting capability were presented in [34] , where the proposed control strategy offers an inherent protection property as the power of the converter is limited. The work in [35] focused on the output voltage control of a buck power converter in the presence of an input limitation. Sufficient conditions for L 2 stability were given. More recently, in [36] and [37] , regional pole placement with saturated control for a DC-DC buck converter was presented.
The goal of this work is to present the analysis and design of a linear controller for improving the performance of an input-saturated buck power converter. Specifically, the contributions of this paper are as follows:
• The introduction of a controller for a DC-DC buck power converter with a constrained input.
• The introduction of an observer for the estimation of the inductor current and its application in the proposed control structure, giving a novel observer-based controller.
• The presentation of an extensive real-time experimental evaluation, which includes the comparison with respect to the scheme given in [35] . None of the proposed controllers require the exact value of the input voltage; instead, a simple positive estimate is used. Thus, the given controllers are robust to the input saturation, to variations of the input voltage, and under the incorporation of an observer to current measurements.
This document is organized as follows: Section II deals with the modeling of the DC-DC buck power converter and the control goal. Section III presents a novel controller for the DC-DC buck power converter subject to saturated input. Besides, the asymptotic convergence of the output voltage error is proven even though the power converter is affected by the input saturation. Section IV introduces an observer to estimate the inductor current, which is then combined with the control structure expressed in Section 3. As result, a novel observer-based scheme is given. Section V shows a real-time experimental study that validates the advantages of the proposed scheme, giving better results than a known controller reported in the literature. Finally, the conclusions are presented in Section VI. 
II. BUCK DC-DC POWER CONVERTER MODEL AND CONTROL GOAL
The structure of the DC-DC buck power converter is shown in Figure 1 , where E represents the input voltage, i(t) the current through the inductor L, and v(t) is the output voltage loaded at a certain time in capacitor C, which is consumed by the load resistance R. The scalar quantity µ(t) corresponds to the duty cycle of a PWM signal introduced in the gate terminal of the transistor Q. Specifically, for the system shown in Figure 1 , the average model is given by [10] , [11] , and [38] ,
54262 VOLUME 7, 2019 where µ(t) is the control input. The model (1)- (2) is obtained under the assumption that the buck power converter is operating in a continuous conduction mode. At this point, the average model in (1)- (2) is linear and ideal but, in practice, a different phenomena may occur. Usually, physical plants are subjected to constrained variables, the most common of which are those of the saturation type. Ignoring these constraints can be detrimental to the stability and performance of the control system [37] . Hereafter, the following consideration is made:
where
with saturation limits u min and u max such that
where v d > 0 is a constant that denotes the desired output voltage. The control problem is based on design u(t) so that
is satisfied. The goal of this work is to achieve stability of the system given the constrained input of the DC-DC buck power converter.
III. PROPOSED CONTROLLER
In this section, a new control law is introduced in order to stabilize the DC-DC buck power converter in equations (1)- (3). The proposed controller is given by
is a constant estimate of the supply voltage E, and the signals
define the current and voltage errors, respectively. In particular, v d denotes the desired output voltage and
R defines the desired current through the inductance. Noteworthy is that v d and i d denoting the desired states of the buck power converter actually coincide with the open-loop equilibrium of (1)- (2) 
substituting the control law (6)- (7) into the buck power converter equations (1)- (2), and using equations (8)- (9), the closed-loop system can be written as
Given that δ(
is an equilibrium point. The system (12)- (14) can also be rewritten as
By using the change of variablē
with φ defined in (15), the state-space equation (16) is rewritten as
The next step is to propose a Lyapunov function candidate as follows:
with constants α, β > 0. After some algebra, it is possible to show that
which is obtained by the direct substitution of δ(u) in (11), u in (6), and the change of variableφ in (17) . Besides, it is possible to prove that
By using (20)- (21), the time derivative of W (e i , e v ,φ) along the closed-loop system (18) can be expressed aṡ
By defining the parameter α involved in the Lyapunov function candidate as
the expression ofẆ (e i , e v ,φ) in (22) can be rewritten aṡ
Finally, by using the definition of α in (23), the equation (24) is written in the form of a vector-matrix-vector product as follows:
In agreement with Sylverster's criterion, the matrix Q in 26 is positive definite provided that 
IV. NEW PROPOSED CONTROLLER WITH INDUCTOR CURRENT ESTIMATION A. PROPOSED OBSERVER
The controller proposed in the previous Section considers the measurement of the inductor current i(t), the voltage output v(t), and the constant estimate of the input voltage E * . An observer for the inductor current i(t) is proposed to reduce the noise in the signal u(t) that is usually introduced by the current sensor. Keeping this in mind, we consider the observation errors given bỹ
whereî andv are the current and voltage estimations, respectively. The observation error dynamics is obtained by using the buck power converter equations in (1
which allow proposing the observer given by
where E > 0 is a constant estimate of the supply voltage E, k v1 , k v2 , and k i1 strictly positive observer gains that need to be defined. By substituting the equations (32)- (34) in equations (30)-(31), the observation error becomes
which can be written in the form
Neglecting the second term of (38) , the characteristic polynomial of the resulting system is given by
54264 VOLUME 7, 2019 FIGURE 2. Block diagram implementation of the proposed controller plus observer scheme.
In agreement to the Routh-Hurwitz criterion [42] , the characteristic polynomial (40) has roots with a negative real part if
In other words, if k v1 , k v2 , and k i1 are selected to satisfy the conditions in (41) and the fact that the second term of (38) is bounded for all time t ≥ 0, then the solutions [ĩ(t),ṽ(t),ζ (t)] T ∈ R 3 of the observation error dynamics (38) are uniformly ultimately bounded. Furthermore, if u is constant, the solutions [ĩ(t),ṽ(t),ζ (t)] T converge exponentially to [0, 0,
] T as time t increases.
B. PROPOSED OBSERVER-BASED SCHEME
The result of using the estimated signalsî(t) andv(t) into the proposed controller (6)- (7) is given by
where, as mentioned earlier, E > 0 is a constant estimate of the supply voltage E, and
The block diagram of the implementation of the observerbased controller defined by equations (32)- (34) and (42)- (43) is shown in Figure 2 . By using the definitions of e i and e v in equations (8) and (9), respectively, the expressions ofĩ andṽ in (28) and (29), respectively, and the change of variableφ in (17), the observer-based controller in equations (42)- (43) can be rearranged as
By using the procedure used to obtain the state-space equations in (18) and the equations of the observation error dynamics in (35)- (37), the closed-loop system obtained from using the controller (42)- (43) in the DC-DC buck power converter (1)-(2) can be given by
where the dynamics of the observer (38) has been rewritten for better appreciation. The properties
ensure that the state-space origin 
is an equilibrium point of the system (48)-(49). In order to facilitate this analysis, the matrix
and the vector
are defined. Let us assume that A o is Hurwitz, which can always be achieved by using the conditions in (41). Thus, there exist P 0 and Q o as 3 × 3 symmetric positive definite matrices such that Lyapunov equation
The following Lyapunov function candidate is proposed: which can be proven by using the definition of δ(u) in (11) and the signal u in the expression (46). In addition, we notė
which can be computed using the control input (46)-(47) and the closed-loop system (48)-(49). By employing the properties of (51) and (52), the definition (23), which relates the positive constants α and β related to W (e i , e v ,φ) in (19) , and after some algebra, the time derivative of W o (e i , e v ,φ,ĩ,ṽ,ζ ) in (50) along the closedloop system trajectories (48)-(49) can be written aṡ
where β > 0 is a free constant related to the function W (e i , e v ,φ) in (19) ,
Note that the difference between the matrix Q e and the matrix Q in (26) is in the second diagonal element of Q e , where the estimated supply voltage E * is seen. In a similar form to the analysis shown in Section III, the condition for Q e to be a positive definite is given by
which can always be satisfied with k f 1 > 0 and E * > 0 as sufficiently large. Interestingly, the parameter E * helps in the stabilization of the overall closed-loop system (48)-(49) because the observer (32)- (34) acts as an antiwindup extension [43] .
By defining
an upper bound on the functionẆ 0 in (53) can be computed as follows:
where the notation λ min {A} and λ max {A} denote the minimum and maximum eigenvalues of a symmetric matrix A ∈ R 3×3 , respectively, and x stands for the Euclidean norm of a vector x ∈ R 3 . The upper bound (55) can be rearranged so thatẆ 
In agreement with Lemma 9.7 in [41] , the matrix DS + S T D is a positive definite if and only if S is an M -matrix, that is, the leading principal minors of S are positive,
which can always be satisfied since Q e is a symmetric positive definite matrix under (54), and
which can be always satisfied with an adequate selection of the control and observer gains. Therefore, there are conditions for the functionẆ o (e i , e v ,φ,ĩ,ṽ,ζ ) to be globally negative semidefinite. It follows the invoking of LaSalle's invariance principle to prove that the state-space origin of the closed-loop system (48)- (49) is globally asymptotically stable [39] , [40] , and [41] .
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V. EXPERIMENTAL RESULTS
In this section, we first describe the mathematical characterization of a controller reported in the literature, which is used to asses the performance of the proposed observerbased controller (42)- (43). Then, the experimental results are presented.
A. SATURATED CONTROLLER FOR COMPARISON
A controller deserving much attention is the one reported by El Fadil et al. [35] , which can conduct an output voltage regulation under the assumption that the system is affected by the input saturation µ(t) in (3). The buck equation systems in (1)- (2) are redefined by the input-output representation
with s the Laplace operator, which also denotes the differentiation operator s = d dt . The controller reported in [35] is the following:
where µ is the saturation of u in equation (3). The closedloop system obtained with the nonlinear controller (57) and the system equations in (1)- (3) is described in Figure 3 .
(s), R(s), S(s), and C(s) are differential operators and are defined by
where e v is the output voltage error (9) . The coefficients α 0 , β 0 , β 1 , and β 2 are defined by
LC
, and
Finally, u = µ 1 − µ 2 + µ(u), which in fact contains an algebraic loop; whereby, in practice, the signal u should be delayed by a small time in order to avoid it. As reported in [35] , the inequality
with c 0 > 0, c 1 > 0 and γ > 0, must be accomplished to guarantee a closed-loop stability.
B. EXPERIMENTAL PLATFORM DESCRIPTION
An experimental platform is designed and built using an NTE2984 power MOSFET and an NTE598 silicon rectifier diode as semiconductors in the buck circuit. The IR2110 is used as a high-speed power MOSFET driver. For the measurement of the inductor current i(t), an NT-5 current sensor from F.W. Bell is used while a conditioning circuit to measure the output voltage v(t) is implemented. The controllers are programmed in Simulink/Matlab with Real Time Windows Target installed in a PC with Windows XP that manages the data flowing through the data acquisition board NI-DAQ6035E by means of analog-to-digital and digital-toanalog conversions at 10 [kHz] . This arrangement is represented in Figure 4 and allows featuring the implementation of the controllers in real-time. Figure 5 shows a picture of the used experimental platform. A switching circuit is used to change the input voltage source E(t). For the implemented controllers, the used saturation limits are u min = 0.3 and u max = 0.7. Therefore, in agreement to (3), the duty cycle percentage remains bounded as 0.3 ≤ µ(t) ≤ 0.7. The buck parameters used in the FIGURE 5. Experimental platform equipped with circuits for output voltage and inductor current measurements, a circuit for an online modification of the input voltage E (t ), a PWM circuit, and a DC-DC buck power converter with a replaceable capacitor, inductor, and resistor. (42)- (43), which satisfy the condition (27) .
TABLE 2. Gain values used for the EGCE controller in equation (57).

TABLE 3. Gain values used for the proposed controller in equations
experiments are shown in Table 1 . The gain values of the EGCE controller are shown in Table 2 and the gain values of the proposed controller (42)- (43) in Table 3 , which satisfy the condition (27) for the closed-loop stability. Besides, E * = 17 [V ] in all implementations. The observer gains used in both experiments are shown in Table 4 , which satisfy the conditions in (41) . 
C. EXPERIMENT 1: OUTPUT VOLTAGE REGULATION WITH VARIABLE SUPPLY VOLTAGE
In this experiment, the buck converter is affected by a periodic supply voltage E(t) given by The output voltage regulation is achieved, as shown in Figure 6 . It is relevant to mention that in spite of the fact that the action control µ(t) is saturated for short intervals of time, as shown in Figure 7 , the control objective is fulfilled by using the EGCE controller in (57) and the proposed scheme in (42)- (43) . Using the proposed observer (32)-(34), the estimated currentî(t) converges to the measured current i(t), as shown in Figure 8 . Peaks in the time evolution ofî(t) appear and disappear quickly when the source voltage E switches. However, convergence is accomplished, and the peaks inî(t) do not affect the performance of the controller. The UNI-T UTD4204C desktop digital storage oscilloscope was used to observe the output voltage v(t) for comparison purposes. Figures 9 and 10 show the output voltage v(t) using the oscilloscope for the implementation of the EGCE controller (57) and the new controller (42)- (43), respectively. Results are in line with the ones displayed in Figure 6 . For the implementation of the proposed controller in (42)- (43) and the ECGE scheme in (57), the time evolution of the output voltage v(t) is shown in Figure 11 . Similar to the previous experiments, saturation of the action control µ(t) occurs for short intervals of time as seen in Figure 12 . However, the control objective is fulfilled by using both the controllers as shown Figure 11 . Similar to the previous experiment, the observer accomplishes the estimation of currentî(t). It converges to the actual value of i(t), as shown in Figure 13 . The convergence is achieved without affecting the performance of the proposed controller (42)- (43) . Figures 14 and 15 show the output voltage v(t) using the oscilloscope for the implementation of the EGCE controller (57) and the new controller (42)- (43), respectively. Results are in line with the ones displayed in Figure 11 . The output voltage regulation is achieved as is shown in Figure 16 . The control objective is fulfilled by using the EGCE controller in (57) and the proposed scheme in (42)- (43) . However, the output voltage v(t) in the time interval 5 ≤ t < 10 is noisy, mainly because the load resistance is decreased, which implies at the same time that the inductor current increases, producing the switching noise. Using the proposed observer (32)-(34), the estimated currentî(t) converges to the measured current i(t), as shown in Figure 18 . Similar to the output voltage v(t), in Figure 18 , the current i(t) is more noisy when the load resistance is decreased; however, convergence is accomplished. The peaks and noises inî(t) do not affect the performance of the controller. Figures 19 and  20 show the output voltage v(t) using the oscilloscope for the implementation of the EGCE controller (57) and the proposed controller (42)- (43), respectively. Results are in line with the ones displayed in Figure 16 .
F. DISCUSSIONS
The Figures 6, 11 , and 16 displayed better results with the proposed controller. More specifically, the settling time is smaller for the novel scheme. Table 5 shows a comparison of the settling time produced by each controller in each at the beginning of the experiments and at the commutation time of either the supply voltage E, the desired voltage v d , or the load resistance R.
VI. CONCLUSIONS
Voltage regulation of a buck power converter under input saturation was addressed in this paper and achieved using a novel controller that is robust to the saturation of the duty cycle. Analysis of the closed-loop trajectories was theoretically supported by Lyapunov's theory. Even though the buck power converter was seen to be affected by the input saturation, the convergence of the output voltage error was guaranteed. The problem of unmeasurable current was also addressed. Derived from the proposed full-state feedback controller, a novel observer-based scheme was introduced. Three sets of experiments were presented. Experimental comparisons with respect to a known controller showed that the proposed observer-based algorithm not only works well but also presents a better performance. Further research suggests considering parasitic effects in the buck power converter model and the input saturation, which result in a very complicated problem. 
